A 5-metre -diameter vertical-axis wind turbine has been tested at the Sandia Laboratories Wind Turbine Site. The results of these tests and some of the problems associated with free-air testing of wind turbines are presented.
The construction of each blade in three sections was done for cost considerations.
It was thought at the time that the attachment knuckles and the straight sections would have little influence on' the operation and performance of the turbine. In Figure 2 , the straight sections and attachment knuckles are clearly visible. The differences in chord length between the circular arc blade and the straight sections can also be seen. It is now believed that this construction technique is detrimental to the performance of the turbine.
The turbine is designed to operate at nearly a constant rotational speed by connecting the turbine shaft, through a two-stage timing belt drive, to an induction motor/generator operating at 3500 rpm. By changing pulleys, the turbine speed can be changed in discrete steps. 
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240 Volt, ldJ AC Power The computer will accept wind-velocity data from three separate anemometers; thus during a single test, three data records can be generated, all with the same turbine torque information, but with velocities corresponding to each anemometer. The operator has the option of taking windvelocity data from any of the six available anemometers up to a total of three.
During a test, the required constant information is input to the computer. With the turbine operating, the computer is instructed to take data. If during the test the temperature or barometric pressure changes, the test is terminated and the data record stored. The new information is input to a new data record and testing is resumed. Data are taken when the winds are available, so a test may be a few minutes long or extend past an hour. These tests are then performed on a day-to-day basis with the end result being a large amount of data taken for a wide range of wind conditions over many days.
Results and Discussion
The data records for a given rotational speed and anemometer can be combined and the performance of the turbine can be computed by the minicomputer in the control building. The summed torque in each velocity bin, i, of a data record is ni T.=~Tj 1 j=l
(1)
w'here ni equals the total number of data points in the velocity bin, i. When data records are added together, the value of the torque in each bin cannot be directly added because the density of the air when data records are taken will vary from day to day. Thus the value of the torque must be adjusted to account for this using a reference density, po, and the actual freestream i=T.
These values of~i for each data record are summed along with the number of data points, ni, for each velocity bin and an average torque for each velocity bin in a data set is determined as
where m is the number of data records being summed in the complete data set. A power coefficient, which is a standard measure of performance,
where V~, is the average velocity of the velocity bin. The velocity bin width on each data record is O. 5 mph. However, the operator may call for the data to be output in 1/2-, 1-, or 2-mph increments. This is done by merely combining adjacent bins and again the velocity is the average velocity of the wider increment; i. e., for a 1-mph increment in velocity, bin 1 and 2 wo~d combine to form a bin with a 1-mph width and the average velocity would be O. 5 mph.
A second power coefficient has been defined by Banas4 as
where the wind velocity has been replaced by the blade equatorial velocity. This power coefficient was chosen by Banas for three reasons. They are: (1) Kp shows that power reaches a maximum at a particular value of the advance ratio (wind speed) when the turbine rotational speed is constant; (2) Kp describes more clearly the power output characteristics of the wind turbine operating in the synchronous mode; and (3) since the calculation of Cp involves a wind velocity cubed, large errors in the calculation can occur due to errors in the wind speed measurement.
The tip speed ratio is defined as:
A nondimensional freestream velocity, called the advance ratio, is the inverse of Equation 6.
Data will be presented as Cp vs X and Kp vs J. The wind speed frequency distributions of the four data sets are presented in Figure 6 . The total number of data points in each data set is n. This figure shows the percentage of data points in each velocity bin and indicates how many data points are used to average the torque in each bin.
Where the frequency is low, the data may be suspect because only a few data points are used to obtain an average.
The power coefficient, C data for the first two data sets are presented in Figure 7 . P' There are two data sets for 150 rpm; the early data set will be referred to as 150a rprn and the latter set as 150b rpm. A compilation of power coefficients, Cp, of all four data sets is shown in Figure 9 . This shows a most disturbing result. The data sets for 162.5 and 150b rpm are both lower in C than P the first data set of 150a rpm. It was because the 162. 5-rpm data set was found to be lower than the 150a-rpm set that the 150a-rpm condition was repeated.
Examining Figure 6 again shows that the wind speed frequency distribution for the first data set (150a rpm ) is much smoother than the other three sets.
In reflecting back by memory, without benefit of having taken hard copy data, it is believed that the winds were more steady for that data set. This conclusion, however, is purely subjective and only the smoother wind speed frequency distribution of the first data set can offer any additional support to that conclusion. the wind speed frequency indicates that the number of data points beyond those speeds drops drastically, thus the averages may be affected. Assuming the divergence is real, then the particular winds of the 162.5-and 150b-rpm data sets were in some way different from the winds of the first (150a rpm) data set. This is not to say that the wind turbine's output is a function of the "quality" of the wind, but rather the problem may be the inability to correctly determine the true wind velocity experienced by the turbine. When the power coefficient, Kp. is examined for the two anemometers, the large discrepancy is not obvious as shown in Figure 13 . This indicates that when the accuracy of the wind velocity is in question, the power coefficient, Kp, for constant rotational speed may be the better indicator to use in assessing a turbine's performance. Also, when two or more turbines are compared, where there is some doubt about the accuracy of the wind measurement, K would be the better P criteria for making the comparison.
The question of why the 5-metre performance data are lower than expected based upon wind tunnel data and theoretical modeling is still unanswered. In Figure 14 , the best 5-metre turbine data (150a rpm) are compared to two computed power coefficient, Cp, curves. In addition to the degradation of the performance caused by the straight sections, the data collection methods may also cause the power coefficients, Cp, to be suppressed below their actual values. The BINS program is, at the present time, the only method by which reasonable performance information has been obtained. There are problems with this technique which are not related to the BINS program but to the anemometry during gusty wind conditions. The anemometers are much smaller than the turbine and are very responsive. They respond to a small volume of air moving past them while the turbine must respond to a much larger volume of air which may not be moving at a uniform velocity. This can lead to errors in recorded wind veloci~since the anemometer may not be responding to the same wind velocity which the turbine is responding to.
The anemometer also responds faster to increasing wind speeds than to decreasing wind speeds with the net result on the average being a higher indicated wind speed than the actual average.
It has been shown in Figures 11 and 12 that anemometer location can have a large effect on the turbine performance data. The anemometer must be far enough from the turbine to be unaffected by the wind speeding up to go around the turbine at higher tip speed ratios and yet close enough to be exposed to the same wind velocity and time variations in the wind as the turbine. Under gusty conditions, it may not be feasible to satisfy both requirements for anemometer placement. 
